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INTRODUCTION
Gastric cancer (GC) is one of the most common digestive malignancies and remains the second most common cause of cancer-related mortality worldwide [1] . Currently, most patients are diagnosed at an advanced stage, leading to a low cure rate and a low 5-year survival rate. Therefore, it is necessary to further study the molecular mechanism of GC and identify more effective biomarkers for the diagnosis and treatment of GC. A greater understanding of these factors will play an important role in early diagnosis and treatment of GC and improvement of prognosis.
MicroRNAs (miRNAs) are a class of endogenous non-coding RNA with a length of approximately 23 nucleotides, which can bind to complementary sequences in the 3'-untranslated regions (UTRs) of specific mRNAs, resulting in degradation of target mRNAs or inhibition of their translation into functional proteins [2] . Accumulating studies have indicated that miRNAs have been associated with almost all known physiological and pathological processes, including cancer [3, 4] . In addition, it is suggested in recent studies that epigenetic modification, especially DNA methylation, is one of many mechanisms of miRNA suppression in human cancer [5, 6] . MicroRNA-596 (miR-596) is located on human chromosome 8p23.3 and is an intergenic miRNA gene. In recent years, studies have found that miR-596 is downregulated in a variety of cancers, such as oral cancer [7] , endometrial cancer [8] , melanoma [9] , and bladder cancer [10, 11] . Additionally, miR-596 was previously found to be silenced by promoter CpG island hypermethylation in hepatocellular carcinoma [12, 13] , endometrial cancer [14] , and oral cancer [7] . In GC, Song et al [15] reported that miR-596 had low expression and could target CLDN4 to inhibit the invasion of GC cells. However, whether the expression of miR-596 is associated with promoter methylation alteration in GC remains unclear and whether other targets of miR-596 exist in GC remains to be studied.
In this study, we confirmed that the expression of miR-596 was markedly downregulated in GC tissues and cell lines. Upregulation of miR-596 suppressed the proliferation, migration, and invasion of GC cells. The decreased expression of miR-596 was associated with promoter DNA methylation in GC. Moreover, it was indicated that peroxiredoxin 1 (PRDX1) is one of the putative targets of miR-596 in GC. All these results suggest that there is a critical role for miR-596 in the pathogenesis of GC and it may serve as a potential therapeutic target for patients with this disease.
MATERIALS AND METHODS

Human tissue samples
A total of 55 paired surgically resected GC tissues and adjacent normal gastric tissues, which were diagnosed by an independent pathologist, were collected from the Fourth Affiliated Hospital of China Medical University, between 2014 and 2015. The specimens were promptly collected following surgery and all were pathologically confirmed. None of the patients enrolled in this study had previously received preoperative chemotherapy or radiotherapy. Informed consent was obtained from all patients. The Medical Association Ethics Committee of the Fourth Affiliated Hospital of China Medical University approved all aspects of the present study in accordance with the Helsinki Declaration.
Gastric cells and culture
One immortalized normal gastric cell line (GES-1) and four human GC cell lines (AGS, SGC-7901, MKN-45, and MGC-803) were obtained from the Institute of Biochemistry and Cell Biology, Chinese Academy of Sciences (Shanghai, China). These cells were cultured in RPMI 1640 medium (Invitrogen, Carlsbad, CA, United States) containing 10% fetal bovine serum (Invitrogen) in a humidified atmosphere of 5% CO 2 at 37 °C.
RNA isolation and quantitative real-time PCR (qRT-PCR)
Total RNA was extracted from tissues or cultured cells using Trizol reagent (Invitrogen). According to the protocol of the Poly(A) Tailing Kit (Tiangen, Beijing, China), poly(A) tails were added to the miRNA. The PrimeScriptTM RT reagent Kit with gDNA Eraser (Takara, Dalian, China) and gene-specific primers or random primers were used to generate cDNA. Real-time PCR was performed in a Light Cycler 480 II Real-Time PCR system (Roche Diagnostics, Basel, Switzerland) using SYBR® Green (Takara). Glyceraldehyde phosphate dehydrogenase (GAPDH) and U6 snRNA were employed as endogenous controls for mRNA and miRNA, respectively. The comparative Ct method was used to calculate the relative expression of RNA. Primer sequences are displayed in Table 1 .
Western blot analysis
Transfected cells were lysed with lysis buffer (Beyotime, Shanghai, China) containing 1 mmol/L PMSF. The protein concentrations were measured using the bicinchoninicacid (BCA) protein assay kit (Beyotime). Equal amounts (30 μg) of protein were separated by 15% SDS-PAGE and electro-transferred to PVDF membranes (Millipore), which were then incubated with primary antibodies against PRDX1 (1:500 dilution; Proteintech, Wuhan, China) and β-actin (1:1000 dilution; Proteintech) overnight at 4°C
. After incubation with peroxidase-conjugated affinipure goat anti-rabbit IgG or peroxidase-conjugated affinipure goat anti-mouse IgG (Beyotime), the bands were visualized using an electrochemiluminescence (ECL) detection kit (ThermoBiotech Inc, Rockford, IL, United States). Protein bands were scanned and quantified using densitometric software (Bio-Rad, California, United States).
Transfection
Transfections were performed using the Lipofectamine3000 Reagent (Invitrogen) according to the manufacturer's protocol. Final concentrations of 50 nmol/L of miR-596 mimics (5'-AAGCCUGCCCGGCUCCUCGGG-3')/ miR-NC (5'-UUGUACUA CACAAAAGUACUG-3') and 0.75 μg/mL plasmids were used for each transfection in a six-well plate with 2 mL culture medium. Total RNA and protein were collected 48 h after transfection.
Luciferase reporter assay
MiR-596 mimics or miR-NC, reporter construct, or control vector was cotransfected into MGC-803 cells for 48 h. Dual luciferase Reporter GeneMAssay Kit (Tiangen, Beijing, China) was used to detect luciferase activity. Each test was repeated three times.
Cell Counting Kit-8 proliferation assay
Cell proliferation was determined with the Cell Counting Kit-8 (CCK-8) kit (Dojindo, Japan); 3000 cells were seeded into 96-well plates for 24 h and then treated with NC, miR-NC, or miR-596 mimics. After 0, 24, 48, and 72 h of treatment, 100 μL cultural supernatant was collected to another 96-well plate and then 10 μL CCK-8 solution was added for incubation at 37 °C for 4 h. The absorbance was measured at 450 nm wavelength using spectrophotometry (BioTek, United States).
Wound healing assay
Cells were seeded in six-well plates and treated with NC, miR-NC, or miR-596 mimics. Linear scratch wounds were created on cell monolayers with a sterile 200 μL pipette tip, and the scratched areas were photographed at × 100 magnification using a Leica DMI3000B computer-assisted microscope (Leica, Buffalo Grove, United States).
Images were captured at 0, 24, 48, and 72 h after the scratch was made. Images were analyzed using Image-Pro Plus v6.0 image analysis software (Media Cybernetics, Rockville, MD, United States).
In vitro invasion assay
Transwell plates (BD, Biosciences, United States) were used for GC cell invasion assay. The bottom chamber contained complete medium and the upper chamber has serum-free medium. Matrigel (BD) was added to the RPMI 1640 medium for detecting invading cells. After transfection with NC, miR-NC, or miR-596 mimics, GC cells were appropriately seeded into the cell culture. After incubation at 37 °C for 24 h, the invaded cells were fixed and stained using Giemsa. The images of cells were photographed with a microscope (Leica) at × 100 magnification and the cell number counted in three random fields of view. The results are presented as a column graph with statistics.
DNA extraction and methylation-specific PCR (MSP)
Genomic DNA was extracted from the cultured cells by SDS/proteinase K treatment, followed by phenol-chloroform extraction and ethanol precipitation. The bisulfite treatment was performed using the kit EZ DNA Methylation-Gold Kit (Zymo Research, CA, United States) according to the manufacturer's protocol. The methylated primers were 5'-GAG GTT CGG GAT GTA TCG TT-3' (forward) and 5'-TAA CTT CCG CAA TAA CCG TAT-3' (reverse), which result in a 193 bp band; the unmethylated primers were 5'-GTG GAG GTT TGG GAT GTA TTG-3'(forward) and 5'-CTC TTA ACT TCC ACA ATA ACC ATA-3' (reverse), which result in a 200 bp band. The PCR reaction conditions were as follows: 94 °C for 5 min, 40 cycles of 94 °C for 30 s, 56 °C for 30 s, and 72 °C for 45 s, and 72 °C for 10 min. Agarose gel electrophoresis and ethidium bromide staining were then performed. Data from the gels were collected with a laser density scanner (Pharmacia LKB Ultroscan) and subsequently analyzed. All experiments were repeated three times, and the mean value was used for statistical analysis.
5-Aza-2'-deoxycytidine (5-Aza-dC) treatment
GC cells were seeded at 5 × 10 5 cells per well in six-well culture plates and cultured in RPMI 1640 medium (Invitrogen) containing 10% fetal bovine serum in a humidified atmosphere of 5% CO 2 at 37 °C for 24 h. The cells were incubated in culture medium with 0, 2.5, 5, or 10 μmol/L of 5-Aza-dC (Sigma, Shanghai, China) for 3 d, with daily medium replacement. After that, total RNA and DNA were isolated from these treated cells for qRT-PCR and MSP analysis, respectively. GC cells were seeded on 96-well plates and treated with different concentrations of 5-Aza-dC in triplicate. After 24, 48, 72, or 144 h of incubation, cells were washed using PBS and cultured in 100 mL RPMI 1640, including 10 mL CCK-8 solution for another 4 h. The absorbance at 450 nm was measured using spectrophotometry (BioTek).
Statistical analysis
All statistical analyses were performed with SPSS 17.0 software package (SPSS, Chicago, IL, United States). Data are expressed as the mean ± SD. χ2 test, Student's t test, and one-way ANOVA analysis were used for comparisons. P-values < 0.05 were considered statistically significant.
RESULTS
MiR-596 is downregulated and PRDX1 upregulated in GC tissues and cell lines
In the present study, the levels of miR-596 expression in 55 pairs of GC and normal control tissues and cell lines were initially assessed using qRT-PCR. The results demonstrated that miR-596 was significantly downregulated in GC tissues compared with paired control tissues ( Figure 1A) . Furthermore, endogenous expression of miR-596 was investigated in different gastric cell lines, including AGS, SGC-7901, MKN-45, MGC-803, and GES-1. It was shown that the GC cell lines (AGS, SGC-7901, MKN-45, and MGC-803) exhibited relatively low miR-596 expression levels compared to the normal gastric cell line GES-1 ( Figure 1B ). In addition, PRDX1 expression was analyzed in 55 paired GC and control tissues and cell lines by qRT-PCR. The results indicated that PRDX1 expression was significantly upregulated in GC tissues and cell lines when compared to corresponding non-tumorous tissue and the normal gastric cell line GES-1 ( Figure 1C and D) . Moreover, Pearson's correlation analysis revealed that the expression of miR-596 was inversely correlated with PRDX1 in GC tissues ( Figure 1E ). Then, we further examined the relationship between miR-596 expression and clinicopathological factors in 55 GC tissues by Pearson's χ2 test. MiR-596 expression was significantly related to tumor differentiation grade and TNM stage, but not with age, sex, tumor size, tumor site, Borrmann type, or lymph node metastasis ( Table 2 ).
PRDX1 as a putative target of miR-596
Using three bioinformatic databases (TargetScan, miRWalk, and miRanda), PRDX1 was selected as a predicted target gene of miR-596 (Figure 2A ). PRDX1 expression was analyzed in GC cell lines and the GES-1 cell line by Western blot. The results indicated that PRDX1 expression was significantly upregulated in GC cell lines when compared to the normal gastric cell lines GES-1 ( Figure 2B ). To further validate this prediction, miR-NC or miR-596 mimics was co-transfected into MKN-45 and MGC-803 cell lines and cultured for 48 h. qRT-PCR and Western blot analysis approved that overexpression of miR-596 ( Figure 2C ) significantly inhibited PRDX1 expression at the mRNA and protein levels in MKN-45 and MGC-803 cell lines ( Figure 2D) . Furthermore, the luciferase activity of the PRDX1_WT vector was significantly suppressed by the miR-596 mimics, but miR-596 mimics could not affect the luciferase activity of PRDX1_MUT vector or the miR-NC ( Figure 2E ). These results suggested that miR-596 may bind directly to PRDX1 and inhibit its expression.
MiR-596 suppresses GC cell proliferation
To investigate the role of miR-596 in GC cell proliferation, we utilized ectopic expression of miR-596 and measured cell growth of two GC cell lines MKN-45 and MGC-803 using the CCK-8 method. The results revealed that cell proliferation was clearly suppressed in MKN-45 ( Figure 3A ) and MGC-803 ( Figure 3B ) cells after manipulation of miR-596 mimics at 48 and 72 h, but no significant difference was observed at 24 h.
MiR-596 inhibits GC cell migration and invasion
To further evaluate the role of miR-596 in the progression and metastasis of GC, we performed wound healing and Transwell invasion assays in MKN-45 and MGC-803 cells transfected with miR-NC or miR-596 mimics. Transfection with miR-596 mimics significantly suppressed cell migration ( Figure 4A and B) and invasion ( Figure 4C ) in the MKN-45 and MGC-803 cells compared to the NC and miR-NC groups.
MiR-596 is regulated by epigenetic mechanisms in GC
First, to detect whether low expression of miR-596 is related to DNA methylation, we detected the DNA methylation status of miR-596 promoter region in GC cell lines. Data from our MSP analysis displayed that there was a significant negative correlation between miR-596 promoter methylation and expression levels in GC cell lines ( Figure 5A ). Meanwhile, we treated the miR-596-silenced cell lines, MKN-45 and MGC-803, with the demethylating agent 5-Aza-dC, to confirm whether miR-596 expression could be restarted. We observed that the methylation status of miR-596 promoter region was significantly decreased in MKN-45 and MGC-803 cells after treatment with 5-Aza-dC, the expression of miR-596 was obviously increased, and the highest expression occurred at a concentration of 5 μmol/L ( Figure 5B ). Moreover, it was found that the expression of PRDX1 mRNA was slightly upregulated in MKN-45 and MGC-803 cells after treatment with 5-Aza-dC, but the expression of PRDX1 protein was significantly downregulated ( Figure 5C ). MSP products were sequenced, which confirmed that sodium bisulfite modification was sufficient for DNA ( Figure  5D ).
5-Aza-dC treatment decreases proliferation in GC cell lines
To evaluate whether 5-Aza-dC treatment affects GC cell growth, we analyzed the proliferation of MKN-45 ( Figure 6A ) and MGC-803 ( Figure 6B ) cells treated with 5-Aza-dC. The results of the CCK-8 assay showed that the cell inhibition rate was significantly increased as the 5-Aza-dC concentration or the culture time was increased as compared with the untreated control group.
DISCUSSION
Accumulating evidence has demonstrated that miRNAs may play an important role in GC initiation and development [16, 17] . In the present study, we found that miR-596 expression was significantly decreased in GC tissue and cell lines. Moreover, artificial ectopic expression of miR-596 potentially suppressed GC cell proliferation, migration, and invasion. This indicates that miR-596 may function as a tumor suppressor in GC and that miR-596 expression may contribute to the development of GC.
MiRNAs are dysregulated in nearly all human tumours and can function as either tumour suppressors or oncogenes, depending on their target transcripts [18, 19] . They work by binding to complementary sequences in the 3'-UTRs of specific mRNAs, leading to translation inhibition [20] . Moreover, due to a non-strict hybridization of the seed match region, one miRNA can bind to multiple mRNA targets, allowing simultaneous downregulation of multiple target mRNAs. Similarly, multiple miRNAs can bind to the same mRNA target and enhance translational repression [21, 22] . In our research, bioinformatic analysis show that PRDX1 is a potential target of miR-596. PRDX1 belongs to the peroxiredoxin family and is composed of thiol-specific antioxidant enzymes, which can reduce H 2 O 2 and alkyl hydroperoxide [23] , and is related to the reduction of oxidative damage [24] . PRDX1 overexpression was associated with tumor growth and poor prognosis in numerous cancers including breast cancer [25] , lung cancer [26] , and esophageal squamous cell cancer [27] . However, the expression profile and potential role of PRDX1 in GC remain to be investigated. In this study, we found that the expression of PRDX1 was substantially upregulated in cancer tissues and cell lines by qRT-PCR and was inversely correlated with miR-596 in GC tissues. Additionally, the results showed that overexpression of miR-596 decreased the expression of PRDX1 and luciferase reporter assays detected the direct binding of miR-596 to the 3'-UTR of PRDX1 transcripts. Our results provided a theoretical basis for further study of the mechanism of miR-596 and PRDX1 in GC. Previous studies showed that transcription of miRNAs can also be epigenetically regulated by methylation in CpG islands [28, 29] . In addition, DNA methylation is a reversible signal, similar to other physiological biochemical modifications [30] . The silencing of tumor suppressor genes is closely related to DNA hypermethylation and can be effectively reversed by DNA methyltransferase inhibitors, thereby inhibiting tumor growth [31] . In the present research, DNA methylation analysis by MSP indicated that there was a markedly negative correlation between miR-596 promoter methylation and expression levels in GC cell lines. Furthermore, treatment with the demethylating agent 5-Aza-dC raised the expression of miR-596 in GC cell lines. In addition, the expression of its target gene PRDX1 protein was significantly downregulated. These results showed that the downregulation of miR-596 in GC is attributed, at least in part, to the hypermethylation of CpG sequences in its promoter.
5-Aza-dC as a demethylating agent has been recently used for treatment of myelodysplastic syndromes and acute myelomonocytic leukemia [32] . The main mechanism of 5-Aza-dC is to reduce its activity by binding to DNA methyltransferase I (DNMT1), selectively induce DNMT degradation, and inhibit tumor growth by inducing apoptosis, affecting cell cycle and cytotoxicity [33] . Moreover, 5-Aza-dC is cytotoxic at high concentrations and demethylated at low concentrations [34] . Therefore, our study suggested that the inhibitory effect of 5-Aza-dC on the proliferative ability of GC cells may be due in part to the demethylation and reactivation of miR-596.
In conclusion, our current study demonstrated that the expression of miR-596 was downregulated in GC cells and GC tissues. The in vitro data further suggested that miR-596 expression was able to inhibit GC cell growth, migration, and invasion. Furthermore, miR-596 expression was regulated by epigenetic mechanisms. The downregulation of miR-596 was associated with promoter methylation status in GC cell lines. DNA demethylation and reactivation of miR-596 after treatment with 5-Aza-dC inhibited the proliferative ability of GC cells. Moreover, we identified that PRDX1 is one of the putative target genes of miR-596. Our results further emphasize that miR-596 functions as a crucial tumor suppressor that is regulated by epigenetic mechanisms in GC and may offer a promising novel therapeutic approach for GC. Nonetheless, more studies are required to determine the precise mechanism of miR-596 in the progression of GC. 
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Research background
Gastric cancer (GC) is one of the most common digestive malignancies and remains the second most common cause of cancer-related mortality worldwide. Currently, most patients are diagnosed at an advanced stage, leading to a low cure rate and a low 5-year survival rate. Therefore, it is necessary to further study the molecular mechanism of GC and identify more effective biomarkers for the diagnosis and treatment of GC.
Research motivation
Accumulating studies have indicated that microRNAs (miRNAs) have been associated with almost all known physiological and pathological processes, including cancer. In addition, it is suggested in recent studies that epigenetic modification, especially DNA methylation, is one of many mechanisms of miRNA suppression in human cancer. A greater understanding of these factors will play an important role in early diagnosis and treatment of GC and improvement of prognosis.
Research objectives
To study the potential role and possible regulatory mechanism of microRNA-596 (miR-596) in GC, and whether other targets of miR-596 exist in GC.
Research methods
In the present study, the levels of miR-596 expression in 55 pairs of GC and normal control tissues and cell lines were initially assessed using quantitative real-time (qRT-PCR). We further examined the relationship between miR-596 expression and clinicopathological factors in 55 GC tissues by Pearson's χ2 test. In addition, peroxiredoxin 1 (PRDX1) expression was analyzed in 55 paired GC and control tissues and cell lines by qRT-PCR. Western blot and luciferase reporter assay were used to detect the effect of miR-596 on PRDX1 expression. Then, the proliferation, metastasis, and invasion of GC cells transfected with miR-596 mimics were analyzed, respectively, by Cell Counting Kit-8 proliferation assay, wound healing assay, and transwell invasion assay. The methylation status of the promoter CpG islands of miR-596 in GC cell lines was detected by methylation-specific PCR. Meanwhile, we treated GC cells with the demethylating agent 5-Aza-2'-deoxycytidine (5-Aza-dC) to confirm whether miR-596 expression could be restarted. Finally, in order to evaluate whether 5-Aza-dC treatment affects GC cell growth, we analyzed the proliferation of GC cells treated with 5-Aza-dC.
Research results
Our current study demonstrated that the expression of miR-596 was downregulated in GC cells and GC tissues. The in vitro data further suggested that miR-596 expression was able to inhibit GC cell growth, migration, and invasion. Furthermore, miR-596 expression was regulated by epigenetic mechanisms. Moreover, we identified that PRDX1 is one of the putative target genes of miR-596.
Research conclusions
In the present study, we have investigated a suppressive role of microRNA-596 in GC. We reported that miR-596 was downregulated in human specimens of GC and GC cell lines, and that overexpression of miR-596 significantly reduced GC cell proliferation. Moreover, the downregulation of miR-596 in GC cell lines was associated with an increase of miR-596 promoter methylation. We also established that miR-596 controls the expression of PRDX1, which has never been reported before, suggesting that this interaction could play an important role in GC progression.
Our results further emphasize that miR-596 functions as a crucial tumor suppressor that is regulated by epigenetic mechanisms in GC and may offer a promising novel therapeutic approach for GC. Nonetheless, more studies are required to determine the precise mechanism of miR-596 in the progression of GC.
